Highlights d Sperm-binding repeats of mollusk VERL and mouse ZP2 egg coat proteins fold similarly d Structures of VERL/lysin complexes reveal the atomic basis of egg coat-sperm recognition d A medium-affinity VERL repeat selectively binds lysin from the same species d VERL/lysin recognition suggests a mechanism for sperm penetration through the egg coat SUMMARY Recognition between sperm and the egg surface marks the beginning of life in all sexually reproducing organisms. This fundamental biological event depends on the species-specific interaction between rapidly evolving counterpart molecules on the gametes. We report biochemical, crystallographic, and mutational studies of domain repeats 1-3 of invertebrate egg coat protein VERL and their interaction with cognate sperm protein lysin. VERL repeats fold like the functionally essential N-terminal repeat of mammalian sperm receptor ZP2, whose structure is also described here. Whereas sequence-divergent repeat 1 does not bind lysin, repeat 3 binds it nonspecies specifically via a high-affinity, largely hydrophobic interface. Due to its intermediate binding affinity, repeat 2 selectively interacts with lysin from the same species. Exposure of a highly positively charged surface of VERL-bound lysin suggests that complex formation both disrupts the organization of egg coat filaments and triggers their electrostatic repulsion, thereby opening a hole for sperm penetration and fusion.
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In Brief
Molecular insights into egg-sperm recognition point to the basis of speciesspecific fertilization.
Data Resources
The first contact between germ cells during fertilization is mediated by the surface of the egg coat. This specialized extracellular matrix, called zona pellucida (ZP) in mammals and vitelline envelope (VE) in non-mammals, must be recognized and penetrated by sperm in order for gamete plasma membrane fusion to occur (Wassarman, 1999) . ZP3 and ZP2, the two major subunits of the ZP, have long been implicated in the initial interaction between mammalian egg and sperm (Bleil et al., 1981; Wassarman, 1999) . In particular, recent studies suggested that the N-terminal region of ZP2 crucially regulates gamete recognition in mouse and human (Avella et al., 2014; Gahlay et al., 2010) . However, although significant progress was recently made in elucidating plasma membrane contacts essential for the fusion of mammalian gametes (Aydin et al., 2016; Ohto et al., 2016; Bianchi et al., 2014; Inoue et al., 2005) , the identity of possible counterpart molecules of ZP2 and ZP3 on sperm remains elusive.
Seminal studies of fertilization in the marine mollusk abalone, a classic invertebrate model system, identified sperm acrosomal protein lysin and egg coat subunit VE receptor for lysin (VERL) as the molecular partners responsible for the initial recognition between gametes (Lewis et al., 1982) . Despite the overlapping habitats and breeding seasons, hybrids of free-spawning abalone species rarely occur, and lysin and VERL are thought to play a major role in this phenomenon by ensuring the species-specificity of fertilization (Swanson and Vacquier, 1997) . Non-glycosylated 16 kDa lysin, which is released by sperm upon acrosome reaction and dissolves the VE non-enzymatically, was the first fertilization protein to be crystallographically determined (Shaw et al., 1993) . In contrast, heavy glycosylation of 2 MDa VERL-whose mass is 50% carbohydrate (Swanson and Vacquier, 1997 )-prevented structural investigations of its large N-terminal sperm-binding region, which consists of an array of 22 sequence repeats (VR1-22) spaced by linkers (Galindo et al., 2002) (Figure 1A, top) . As a result of rapid evolution, lysin and VERL repeats 1 and 2 are under strong positive selection, while the remaining repeats 3-22 evolve neutrally (Galindo et al., 2003) . How sequence variability affects VE dissolution as a result of the interaction between lysin and individual VERL repeats is unknown.
Interestingly, the functional N-terminal region of ZP2 also evolves under positive Darwinian selection Swanson et al., 2001) and was suggested to consist of three repeated domains that fold like the ZP-N moiety of the ''ZP domain''-a polymerization module conserved at the C terminus of all egg coat proteins, including ZP2 and VERL (Callebaut et al., 2007; Han et al., 2010; Monné et al., 2008) (Figure 1A , bottom). More recently, VERL repeats were also hypothesized to adopt a ZP-N fold (Swanson et al., 2011) ; however, because VERL and ZP2 repeats are only 10% identical in sequence, this possibility remained highly speculative.
Here, we provide definitive experimental proof that the functional regions of ZP2 and VERL are structurally homologous, and, by determining crystallographic structures of VERL/lysin complexes, we reveal the first atomic details of how sperm recognizes the egg coat. Together with biochemical and mutational studies, our findings bring insights into the molecular basis of species-specific gamete interaction and sperm penetration through the egg coat.
RESULTS

A Common Fold Links the Sperm-Interacting Regions of Invertebrate and Vertebrate Egg Coat Proteins
To investigate whether VERL and ZP2 are structurally related, we expressed in mammalian cells VR1+, a construct including red abalone VERL repeat 1 and the 30-residue linker between repeats 1 and 2 (residues D38-I176; Figure 1A ). Although deglycosylated VR1+ did not crystallize, mammalianized maltose-binding protein (mMBP) fusions of an equivalent fragment carrying N-glycosylation site mutations (Bokhove et al., 2016) and a variant lacking most of the linker region (VR1; residues D38-A151) yielded crystals diffracting to 2.0 and 1.8 Å resolution, respectively (Figures S1A and S1B; Table S1 ). In parallel, crystals of an unfused construct including the first putative ZP-N domain of mouse ZP2 (residues V35-Q138; Figure 1A ) were obtained, that diffracted beyond 1 Å resolution (Figures S1C and S1D; Table S2 ).
The structures of VR1+ and ZP-N1 were independently solved by molecular replacement (MR) with MBP and sulfur-singlewavelength anomalous dispersion (S-SAD), respectively (Figures S1E and S1F) , revealing a common immunoglobulin-like fold with all the hallmarks of the ZP-N domain (Han et al., 2010; Monné et al., 2008) (Figure 1B) . The two structures are highly similar, and their b sandwich cores can be superimposed with a root-mean-square deviation (RMSD) of 1.9 Å ( Figure 1C ). Notable differences are an a helix in the bc loop of ZP2 and the position of b strand D. The latter belongs to sheet N1 in ZP2 but is displaced to sheet N2 in VR1+, with an almost 90-degree rotation of disulfide C 2 -C 3 compared to the one in ZP2 (Figures 1B, S1G, and S1H). VR1+ also has a much shorter fg loop than ZP3 ZP-N, where this loop mediates protein homodimerization by interacting with the ZP-C moiety of a second molecule (Han et al., 2010) . Moreover, as a result of structural flexibility, VERL repeat 1/repeat 2 linker residues S146-L175 are not defined in the electron density, so that the structures of VR1+ and VR1 are essentially identical.
VERL Repeats 2 and 3, but Not Highly Sequence-Divergent Repeat 1, Form Gamete Recognition Complexes with Lysin
Previous studies suggested that abalone VE dissolution depends on direct interaction between lysin and VERL (Swanson and Vacquier, 1997) . However, it is unknown if lysin binds equally to positively selected VERL repeats 1 and 2, which are 43% and 84% identical to repeat 3, and repeats 3-22, which are almost identical in sequence because of concerted evolution (Galindo et al., 2002 (Galindo et al., , 2003 . To clarify this point, His-tagged VR1+ and equivalent constructs encompassing VERL repeats 2 and 3 were co-expressed with untagged lysin in mammalian cells. His-pull-down of conditioned media shows that VR2+ and VR3+, but not VR1+, bind lysin ( Figure 2A ). Accordingly, coexpression of double-repeat constructs show that VR1+2+ binds Table; regions corresponding to constructs whose structure was determined in this work are colored. Open circles and inverted tripods represent signal peptides and N-glycans, respectively. TM, transmembrane domain. Percentage sequence identity between VR1 or VR2 and VR3 is indicated below the respective domains; repeats 3-22 are $99% identical. (B) Crystal structures of red abalone VERL VR1+ and mouse ZP2 ZP-N1, shown in cartoon representation and rainbow-colored from blue (N terminus) to red (C terminus) . ZP-N domain features are highlighted, with the two invariant disulfides with 1-4, 2-3 connectivity and the conserved Tyr residue in b strand F shown as dark magenta and orange sticks, respectively. The partially disordered fg loop of ZP2 is represented by a dashed line. A red ellipse marks b strand D, which belongs to different sheets in the two structures. N-and C-terminal residues defined in the electron density are indicated. (C) Structural comparison of VR1+ (salmon) and ZP-N1 (green) identifies a core of 52 residues that can be superimposed with a Ca RMSD of 1.9 Å . See also Figure S1 and Tables S1 and S2.
roughly half the amount of lysin as VR3+4 ( Figure 2B ). Moreover, a VR3 protein lacking the interdomain linker region that is disordered in the VR1+ structure pulls down lysin as efficiently as VR3+ ( Figure 2C ), suggesting that the linker is not involved in complex formation.
To biochemically confirm pull-down experiments, we used bacterially expressed lysin (lysin R ). After refolding, this crystallizes as native lysin (Lyon and Vacquier, 1999; Shaw et al., 1993) , and de novo determination of its structure by in-house S-SAD yielded a model that was refined to 0.99 Å using synchrotron data collected from dehydrated crystals (Figures S2A-S2D; Table S3 ). As also shown by a previously unreported 2.11 Å monoclinic crystal form (Figure S2B, bottom; Table S3 ), the five-helical bundle structure of lysin R is essentially identical to that of its native counterpart (Kresge et al., 2000; Shaw et al., 1993) ( Figure S2E ). Size-exclusion chromatography (SEC) shows that lysin R co-elutes with VR3 but not VR1+ ( Figure 2D ). Moreover, microscale thermophoresis (MST) (Wienken et al., 2010) indicates that lysin R binds VR3 with nanomolar affinity, whereas no interaction is detected with VR1+ even at 0.1 mM concentration (Figures 2E, S2F, and S2G) .
Together, these results show that lysin binds both VR2+ and VR3+, but not VR1+, and identify VR3 (and possibly VR2) as a minimal VERL fragment that forms a high-affinity complex with lysin in vitro. Considering that VR3 is $99% identical in sequence to repeats 4-22 (Galindo et al., 2002) , we pursued this repeat as a general example of VERL/lysin interaction.
Crystal Structures of VR3 and the VR3/Lysin Complex
To reveal the molecular basis of gamete interaction and understand how lysin discriminates between VERL repeats 1 and 3, we first crystallized an mMBP-VR3 fusion that binds lysin with the same affinity as unfused VR3 ( Figures S3A-S3C ). The resulting 2.9 Å resolution structure of unbound VR3, solved by MR with mMBP (Table S1 ), is highly similar to that of VR1 (RMSD 0.9 Å ; Figure S3D ). Subsequently, we obtained triclinic crystals of a VR3/lysin complex generated by limited proteolysis of mMBP-VR3 co-expressed with lysin (Figures S4A-S4C) as well as trigonal crystals of unfused VR3 bound to lysin ( Figures S4D-S4G ). The two complex structures, determined at 1.7 Å and 1.64 Å resolution by MR with VR3 and lysin (Table  S4 ), are essentially identical despite different crystal growth conditions and packing. The proteins form a 1:1 complex (Figure 3A) , held together by an extensive contiguous interface burying an average accessible surface area of 1148 Å 2 . This involves about 20 residues from each binding partner, mostly located in bB, bD-bE, loop ee 0 of VR3 and a2, a4-a5 of lysin (Figures 3 and S5;  Table S5 ). Except for VR3 loop ee 0 , which is partially disordered in the free protein but leans against lysin a2 in the complex, the proteins do not change structure upon binding ( Figure S4H ). Thus, abalone gamete recognition essentially consists in rigid-body docking of lysin onto VERL.
The mode of interaction explains why mMBP fusion of VR3 does not interfere with its ability to bind lysin ( Figure S4I ). Moreover, since lysin is not glycosylated (Lewis et al., 1982; Shaw et al., 1993) and all VR3 N-glycans are on the opposite side of the interface ( Figure 3A) , the structure indicates that complex formation does not depend on N-glycosylation of VERL. This is confirmed by the functional characterization of a VR3 construct where all N-glycosylation sites are mutated, which still binds lysin ( Figure S6A ). Although the electron density maps of free and complexed VERL repeats do not show evidence of O-glycosylation, this post-translational modification is likely to contribute significantly to the carbohydrate composition of VERL (Swanson and Vacquier, 1997) and was hypothesized to play a role in the interaction with lysin (Gallo and Costantini, 2012) . Consistent with the high sequence conservation of VERL interdomain linkers (Swanson et al., 2011) and the aforementioned structural flexibility of the C-terminal region of VR1+, mutational analysis suggests that the linker of VR3+ is heavily O-glycosylated. However, in agreement with the observation that VR3+ and VR3 bind lysin with comparable efficiency ( Figure 2C ), inactivation of linker O-glycosylation sites does not affect VR3+/lysin interaction ( Figure S6B ).
The VERL/lysin interface is largely hydrophobic in nature (Figures 3B and 3C) but also involves hydrogen bonds between VR3 bE and lysin a2 ( Figure 3C ). Consistent with a high-affinity interaction ( Figure 2E ), complex formation is not abolished by individual replacement of VR3 M389 or lysin F119-two residues that interact hydrophobically ( Figure 4A )-with polar counterparts ( Figure 4C , lanes 2 and 3). However, binding is lost when these mutations are combined ( Figure 4C , lane 4). Similarly, whereas VR3 N388A or lysin T78A, H79A mutations reduce binding to different extents ( Figure 4D , lanes 4 and 3), and their combination totally abolishes VERL/lysin interaction ( Figure 4D , lane 5) by breaking the hydrogen bond network ( Figure 4A ). Complex formation is also disrupted by the combination of VR3 mutations M389K and N388A ( Figures 4A and 4D , lane 2) or a triple mutant of lysin impairing the a2/VR3 bE interface ( Figures 4B and 4E , lane 2). Together, these results support a lock-and-key recognition mechanism involving an extended surface area.
Molecular Basis of VERL Repeat Discrimination by Lysin
Conservation of VR3 interface residues ( Figure S5A ) explains why positively selected VR2 also binds lysin (Figure 2A ). On the contrary, six interface residues of VR3 are different in VR1 (Figure 5A and Figure S5A ), which is also less electrostatically complementary to basic lysin than relatively acidic VR3 ( Figure 5B ). This rationalizes why VR1 does not bind lysin ( Figure 2 ), as confirmed by loss of complex formation upon introduction of the VR1 substitutions into VR3 ( Figure 5C ).
VR2 Is Important for the Species-Specificity of VERL/ Lysin Interaction
In vitro studies of VE dissolution by lysin show a significant degree of species-specificity (Lyon and Vacquier, 1999; Swanson and Vacquier, 1997) , and rapid evolution of lysin and VERL by positive selection was suggested to play an important role in this process by affecting gamete recognition (Lyon and Vacquier, 1999; Swanson and Vacquier, 2002) . Interestingly, the aforementioned differences between VR1 and VR3 exclusively involve non-positively selected residues (Figures 5A and S5A) (Galindo et al., 2003) . Moreover, only 3 of the 23 positively selected amino acids in lysin (Kresge et al., 2001) contribute to the VR3/lysin interface ( Figures S5B and S6C ). Of these,
hydrogen bond ion pair hydrophobic interaction cation-π interaction non-bonded contact positively selected ee' Tables S4 and S5. only K150, which makes a peripheral ion pair with VR3 E384 ( Figure S6D ), differs in three of the seven Californian abalone species spawning in the same area as red abalone (Figure S5B) . VR3 mutation E384G, lysin mutation K150A, or their combination have no effect on binding ( Figure S6E ). Furthermore, the structure of the complex shows that the hypervariable N-terminal region of lysin, which adopts different conformations in structures of the free protein ( Figure S2E ) and was implicated in species-specific VE dissolution (Lyon and Vacquier, 1999) , is largely disordered and makes no contacts with VR3. Accordingly, deletion of N-terminal lysin residues R19-L29 has no effect on VR3 binding ( Figure S6F ). Collectively, these results suggest that positive selection does not affect the high-affinity interaction between lysin and VR3 (or, by inference, VR4-VR22).
To understand the basis of species-specificity, we co-expressed different repeats of red abalone VERL with lysins from red, pink, and black abalone ( Figures 6A and 6B ). Whereas VR1+ does not bind lysin from any species-excluding a possible decoy function for this repeat-VR3+ binds comparably to red and pink lysins. Moreover, VR3+ rescues secretion of black lysin, which, unlike the other lysins, is not secreted by mammalian cells when expressed by itself ( Figure 6C ). Remarkably, parallel experiments performed with VR2+ or VR1+2+ (a protein that was used for subsequent functional studies because, unlike VR2+, it is highly secreted also when expressed individually), showed that these constructs bind red lysin much more efficiently than pink lysin; moreover, neither VR2+ nor VR1+2+ rescue secretion of black lysin ( Figures 6B and 6A , respectively). Together, these findings suggest that VR2+ plays a major role in determining the species-specificity of red abalone VERL/lysin interaction.
Crystal Structures of VR2+ and Its
Species-Specific Complex with Lysin VR2+ contains two additional Cys residues not found in other repeats, C201 and C294, the latter of which lies within the linker region. To maintain this possibly structurally relevant characteristic, we engineered a crystallization construct that included VERL residues I176-P298 and carried Ala mutations of linker O-glycosylation sites S293, S296, and S297. This allowed us to determine a 2.5 Å resolution structure of free VR2+ (Figures S7A-S7C; Table S1), as well as a 1.8 Å structure of the complex between VR2+ and lysin (Figures 6D, S7C, and S7D; Table S4 ). In both structures, pairs of VR2+ molecules form antiparallel dimers stabilized by contacts between conserved residues in b strand A of one copy and the e 0 f loop of the other ( Figures 6D, 6E , S5, and S7C). Interestingly, the same interactions and quaternary structure are observed in both crystal forms of VR3/lysin (Figures S4J and S4K), but not in the structures of free VR1+, VR1, and VR3, whose A strands pack against mMBP. In addition to these noncovalent contacts, the VR2+ homodimer is secured by intermolecular disulfide bonding of the two additional Cys, C201 in the bc loop and C294 in the interdomain linker ( Figure 6D ). However, this connection must be very flexible because it is only resolved in one of the two asymmetric unit copies of VR2+/lysin (Figure S7C) . The visible VR2+ linker does not contact lysin in the structure, and, as previously observed in the case of VR3+ (Figure 2C ), its deletion does not affect lysin binding (data not shown).
VR2+ is highly similar to VR3 (RMSD 0.6 Å over 83 Ca atoms) and has a comparable surface charge distribution (Figures 6F and 5B); moreover, its complex with lysin is also essentially superimposable on VR3/lysin (average RMSD 1.6 Å over 428-442 Ca atoms). However, the VR2+/lysin interface involves seven residues fewer than VR3/lysin ( Figure S5 ; Tables S5 and S6) .
Accordingly, computational comparison of the structures indicates that the VR2+/lysin interface has an interaction energy that is $20% lower than that of VR3+/lysin. This was confirmed by MST analysis, which showed that-in agreement with the observation that VR1+2+ pulls down lysin less efficiently than VR3+ ( Figure 6A , compare lanes 4 and 7)-the affinity of lysin R for VR1+2+ is two orders of magnitude lower than for VR3 (Figures 6G and 2E) .
Although red VR2 discriminates its cognate lysin from equally well-expressed pink lysin ( Figures 6A-6C ), only two of the amino acid differences between red and pink VERL (F181Y, L228P) fall within the VR2 interface with lysin; notably, the former change affects a positively selected site ( Figure S5A ). Introduction of both substitutions into red VR1+2+ does not hinder red lysin binding nor does it allow VR1+2+ to interact with pink lysin ( Figure 6H ), suggesting that, in addition to VR2, the species-specificity of VERL/lysin interaction must also involve amino acid differences in lysin.
The Suboptimal Interface of VR2 Amplifies the Effect of Lysin Substitutions, Generating Species-Specificity Out of 17 lysin residues at the interface with VR2, only positively selected K150 differs between red and pink lysin ( Figure S5B ). As also observed in the VR3/lysin complex ( Figure S6D ), K150 makes an ion pair with an invariant Glu residue of VERL (E221 in VR2; Figure 6I ). This interaction is reinforced by a water-medi-ated hydrogen bond between E221 and the main chain nitrogen of K150 itself and facilitated by an intramolecular hydrogen bond between Y151 and E34 that stabilizes the conformation of the C-terminal loop of lysin. Interestingly, Y151 also differs in pink lysin. In agreement with the prediction that the K150A Y151N substitutions found in pink lysin would impair the interaction of the C terminus of lysin with VR2, introduction of both changes into red lysin lowers its binding to VR1+2+ ( Figure 6J, lane 3) . Moreover, a major reduction in binding is observed upon replacement of the positively selected N-terminal region of red lysin with that of its pink homolog, which differs in 10 positions out of 11 ( Figures S5B and 6J, lane 4) . A red lysin mutant combining both types of changes is indistinguishable from pink lysin ( Figure 6J , lane 5), and, conversely, swapping the N-terminal region of pink lysin with that of red allows it to bind red VR1+2+ ( Figure 6J , lane 6). Taken together, these results support the aforementioned VE dissolution assays (Lyon and Vacquier, 1999) and suggest that the hypervariable N-terminal region of lysin contributes significantly to the species-specificity of VR2/ lysin interaction. However, in agreement with the observation that deletion of red lysin residues R19-L29 does not disrupt its binding to VR1+2+ ( Figure 6J, lane 7) , the N termini of the lysin molecules in the asymmetric unit of the VR2+/lysin complex are either disordered or not in contact with VR2+. This suggests that N-terminal sequence of pink lysin interferes with its binding to red VR2.
Remarkably, equivalent mutations of the N-and C-terminal regions of red lysin do not affect its high-affinity interaction with VR3 ( Figures S6E and S6F ) but impair binding to VR2 ( Figure 6J ). Considering that changes in the VR2 interface have no effect on lysin binding ( Figure 6H ), these observations suggest that VR2 contributes to the species-specificity of VERL/lysin interaction by amplifying the effect of amino acid substitutions in lysin (Figure S5) as a consequence of its relatively low binding affinity compared to VR3 (Figures 6G and 2E) .
DISCUSSION
More than 100 years ago, it was proposed that fertilization depends on a lock-and-key mechanism between egg and sperm (Lillie, 1914) . Our work provides a firm structural bridge between invertebrate and vertebrate fertilization, reveals the first details of how sperm and egg coat interact at the atomic level, and gives insights into the species-specificity of gamete recognition in an experimental model system. At the same time, the data has implications for the higher-order organization of VERL repeats, suggests a mechanism for egg coat penetration by sperm, and has evolutionary and functional relevance for mammalian fertilization. stack to generate filament-like structures running through the crystals ( Figure 7A , and data not shown). This suggests that a similar organization may be found in the VE, where an additional structural constraint would be introduced by the VR2/ VR2 pair ( Figure 6D ) whose intermolecular disulfides are consistent with the observation that red abalone VERL is a dimer under non-reducing conditions (Swanson and Vacquier, 1997) . Thus, VERL may for example consist of two identical intertwined chains, whose corresponding repeats pair with each other as a result of the register imposed by covalent VR2/VR2. Although alternative models are possible due to the extensive length of the interdomain linkers, stacking of paired repeats would invariantly result in the formation of branches that protrude from the polymeric core of VE filaments toward the extracellular space. Together with the lateral juxtaposition of branches originating from other VERL molecules, this would position VR1 at the surface of the VE, followed by a thin layer of VR2/VR2 repeats and finally a thick layer consisting of stacks of paired near-identical repeats 3-22 ( Figure 7B ). When combined with the finding that VR2 and lysin interact species specifically with relatively low affinity ( Figure 6 ) whereas VR3 and lysin form a tight non-species-specific complex (Figures 2  and 3 and 6A), this model both rationalizes the different sequence conservation of VERL repeats (Galindo et al., 2003) and provides a structural explanation for the observation that species-specific recognition of the VE precedes its general dissolution (Lyon and Vacquier, 1999) . One question that remains open is the biological function of repeat VR1, which does not bind lysin from the same or other species (Figures 2 and 6A) and is most likely monomeric due to lack of conserved residues mediating homodimerization of VR2 and VR3 (such as the Trp in b strand A and Lys in the e 0 f loop; Figures S5A and 6E) . Considering that VR1 is found in all homologs of VERL so far characterized, possible exposure of this rapidly evolving repeat on the surface of the VE may allow it to play a role in pathogen resistance (Messier and Stewart, 1994 )-a process that could then be evolutionarily coupled to the generation of species-specificity at the level of VR2. However, given the biochemical complexity of the abalone VE (Aagaard et al., 2010; Swanson and Vacquier, 1997) , a yet-to-beidentified function of VR1 in fertilization cannot be excluded.
VERL Repeat Array Architecture Shapes VE Recognition and Dissolution by Lysin
Mechanism of Sperm Penetration through the Egg Coat
How does lysin create a hole in the VE for sperm passage? Analysis of tetragonal crystals of the free protein led to the suggestion that the hydrophobic patch of lysin mediates its homodimerization before it contacts the VE (Kresge et al., 2000) . Consistent with a weak homodimeric interface, the same region of lysin makes alternative contacts in different crystal forms of the unbound molecule (Figure 7C, left) .
Similarly, in crystals of free mMBP-fused VR3, the complementary hydrophobic region of VR3 interacts with another copy of itself via antiparallel pairing of the respective E strands ( Figure 7C, right; Figure S3E ). Considering the architecture of VERL discussed above, in the VE this kind of interaction could mediate the lateral adhesion of repeats belonging to adjacent VERL branches ( Figure 7B ).
Most importantly, the crystal structures of lysin in complex with VR2+ and VR3 reveal that the hydrophobic regions of the two counterparts directly mediate their interaction (Figures 3,  4, and 6D ). Together with the finding that VERL repeat-bound lysin exposes a highly positively charged surface to the solvent ( Figure 7D) , these observations support a simple mechanism of non-enzymatic sperm penetration through the egg coat (Figure 7E) . Upon sperm acrosome reaction and release of lysin onto the egg coat, the aforementioned homomeric interactions of lysin and VERL are swapped for the more extensive, higher-affinity heteromeric interface observed in our complex structures (Figures 3 and 6D ). Consistent with early electron microscopy observations (Lewis et al., 1982) , this would disrupt VERL fiber organization-first slowly, at the level of the species-specific VR2 repeat layer, and then rapidly through the stacks of repeats 3-22. At the same time, it would cause adjacent VERL branches to electrostatically repel each other, due to close juxtaposition of the highly basic surface of VERL repeat-bound lysins. In agreement with this possibility, molecular dynamics simulations performed in seawater conditions suggest that repulsion between the basic surfaces of two lysin molecules bound to facing VERL repeats would effectively push them apart ( Figure 7F ; Movie S1). Moreover, the asymmetric unit contents of the VR2+/lysin complex ( Figure 7A) , which is computationally scored as highly significant and could mimic a lysin-bound VERL branch, hints that contacts between lysin molecules attached to successive homodimeric VERL repeats may contribute to the cooperativity of VE dissolution (Swanson and Vacquier, 1997) . As a result of progressive VERL architecture disruption and electrostatic repulsion between VERL repeat-bound lysins, a hole could form into the egg coat, allowing sperm to penetrate and fuse with the plasma membrane.
Implications for the Evolution of Fertilization and Mammalian Gamete Interaction
Despite being separated by 0.6 billion years of evolution, mollusk and human use a common C-terminal ZP module as a building block for the assembly of their egg coats (Bork and Sander, 1992; Galindo et al., 2002; Han et al., 2010) . By showing that the functional N-terminal repeats of VERL and ZP2 also share a common fold ( Figures 1B and 1C) , our study brings conclusive experimental evidence that the similarity between the invertebrate VE and the mammalian ZP extends well beyond the core (G) MST analysis of red lysin R interaction with red VR1+2+ and VR1+, as well as negative control ZP2 ZP-N1. Results are shown as mean ± SD. (H) Amino acid substitutions converting the interface of red VR2 to that of pink do not change the species-specificity of the interaction between VR1+2+ and lysin. lateral interaction between repeats of adjacent branches is supported by the VR3/VR3 contacts depicted in (C) (blue rectangle). (C) Surfaces mediating VR3/lysin interaction (center) make homomeric contacts in crystals of isolated lysin (left) and VR3 (right). (D) As exemplified by the VR3/lysin complex structure, VERL repeat-bound lysin exposes a highly basic surface to the solvent. (E) Proposed mechanism of VE recognition and non-enzymatic dissolution by lysin. Positively charged lysin molecules are represented by blue circles, with the hydrophobic VERL repeat-binding site shown as a yellow ellipse. (F) 100 ns molecular dynamics simulation of two facing lysin molecules bound to VR3 repeats representing adjacent branches of VERL. Strong electrostatic repulsion between the exposed basic surfaces of the lysin molecules causes the complexes to be pushed apart over time. Basic surface Lys and Arg residues are in sphere representation and colored red and orange, respectively. See also Figures S3 and S7 , Tables S1, S3 , and S4, and Movie S1. of their filaments. This implies that the egg extracellular structure that is involved in the initial interaction with sperm has a much more ancient evolutionary origin than Juno, the mammalian-specific protein that interacts with sperm Izumo1 to trigger the fusion of gamete plasma membranes (Bianchi et al., 2014; Inoue et al., 2005) . At the same time, our findings immediately raise the question of whether a lysin-like molecule exists in mammalian sperm, that binds ZP2. This is because post-fertilization cleavage of the latter has long been known to regulate mammalian sperm binding to the oocyte (Bleil et al., 1981; Gahlay et al., 2010) , and its N-terminal region-essentially corresponding to the ZP2 ZP-N1 construct that we crystallized ( Figures 1A and 1B) -was suggested to directly interact with sperm (Avella et al., 2014) . Considering the insignificant sequence similarity between VERL and ZP2 repeats, as well as the fact that lysin lacks distinctive features such as Cys residues involved in structurally crucial disulfide bonds, it may be very difficult to recognize bioinformatically a putative structural homolog of lysin in mammals. However, comparison of the ZP2 ZP-N1 structure ( Figure 1B) with that of the VERL/lysin complexes ( Figures 3A and 6D) indicates that a VERL/lysin-like interface would not be compatible with the different location of b strand D observed in ZP-N1 ( Figures 1B  and S1H ). This suggests that either ZP2 evolved a different way to bind sperm or that it regulates gamete interaction only indirectly by altering the overall structure of the egg coat (Hoodbhoy and Dean, 2004) . Of relevance to the first possibility is the observation that ZP2 residues recently reported to be important for human gamete recognition (Avella et al., 2014) largely correspond to ZP-N1 a helix bc, b strand C, and loop cd ( Figure 1B) . As a result of the different position of b strand D, these structural elements are exposed on the face of ZP2 that corresponds to the lysin-interacting region of VR2 and VR3. Thus ZP2 may use the same surface as VERL repeats to bind sperm but not necessarily interact with a structural homolog of lysin.
Lysin is among the two most abundant proteins in abalone sperm (Lewis et al., 1982) , a requirement for an external fertilization system where opening of a hole into the egg coat is achieved via the essentially irreversible binding of a soluble sperm molecule that is released extracellularly to titrate a large number of VERL repeats. Considering that the human ZP is $30-fold thicker than abalone VE and that human sperm lacks a secreted acrosomal protein as abundant as lysin, a putative ZP2 counterpart is more likely to be a sperm-surface-associated protein that makes transient, low-affinity interactions with ZP2 while sperm penetrates through the ZP. Akin to the case of Juno/Izumo1 (Aydin et al., 2016; Ohto et al., 2016) , recognition of ZP2 by human sperm may therefore depend on establishing a relatively small interface with the same egg ZP-N fold that mediates gamete interaction in mollusk.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Lines
Mammalian cell expression was performed in HEK293T cells (a kind gift of R. Aricescu and Y. Zhao, University of Oxford) or HEK293S GnTIcells (ATCC). Cells were cultivated at 37 C, 5% CO 2 in DMEM (Thermo Fisher Scientific) supplemented with 10% FBS (Biological Industries) and 4 mM L-glutamine (Thermo Fisher Scientific). Bacterial expression was carried out using E. coli BL21 Star (DE3) (Thermo Fisher Scientific) co-transformed with plasmid pRARE (extracted from E. coli Rosetta (DE3) cells; Novagen/Merck Millipore). A single colony of freshly transformed cells was used to inoculate 50 mL liquid Luria-Bertani broth (Sigma-Aldrich) supplemented with 34 mg/mL kanamycin (Sigma-Aldrich). After overnight culture at 37 C, 200 rpm, 10 mL cell suspension were seeded into 1 L of the same medium. When the absorbance of the culture reached an OD 600 of 0.5, protein expression was induced for 3 hr at 37 C with 0.5 mM IPTG (Thermo Fisher Scientific).
METHOD DETAILS
Constructs
For mammalian expression of 6His-tagged VERL and ZP2 ZP-N1 constructs, as well as untagged lysin proteins, synthetic genes (DNA2.0/ATUM, Invitrogen GeneArt/Thermo Fisher Scientific or GeneScript) or cDNA fragments amplified by PCR with PfuTurbo DNA polymerase (Agilent Technologies) were subcloned into pHLsec3, a vector derived from pHLsec (Aricescu et al., 2006) , or pHLmMBP vectors (Bokhove et al., 2016) . Whereas ZP2 ZP-N1 and lysin proteins included native signal peptides, all VERL constructs were secreted using a Crypa signal sequence. Glycosylation site mutants of ZP2 ZP-N1 (N83S) as well as VERL VR1+ (N115Q, N122T, N142Y, N171Q), VR1 (N115Q, N122T, N142Y) and VR2+ (S293A, S296A, S297A) were used for structure determination. With the exception of mMBP-VR3 N-glyc mutant and VR3+ O-glyc mutant ( Figures S6A and S6B) , VERL constructs used for binding assays contained all glycosylation sites. Expression of lysin R in E. coli was performed using pJexpress411 (DNA2.0/ATUM).
Mutations were introduced by synthesis, using a QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies) or by overlap extension PCR. All constructs were verified by DNA sequencing (Eurofins Genomics).
Details of all expression constructs are provided in the Key Resources Table, and boundaries of VERL and ZP2 recombinant proteins are marked by brackets in Figure 1A . Protein Expression mMBP-VR1+, mMBP-VR1 and ZP2 ZP-N1 were expressed in HEK293T cells. For structural studies, mMBP-VR3, mMBP-VR3/lysin, VR3/lysin and VR2+/lysin were expressed in HEK293S GnTIcells, which secrete proteins carrying Endoglycosidase H (Endo H)-sensitive Man 5 GlcNAc 2 N-glycans (Chang et al., 2007; Reeves et al., 2002) . Transient transfections were performed essentially as described (Aricescu et al., 2006; Bokhove et al., 2016) , using 25 kDa branched PEI (Sigma-Aldrich) and a 1:1 DNA ratio in the case of VERL and lysin co-expression experiments. Large-scale production of lysin R for crystallographic studies and biochemical assays was performed using E. coli BL21 Star (DE3) co-transformed with pRARE, as detailed above.
Protein Purification
For purification of proteins expressed in mammalian cells, conditioned media was harvested 3 days post-transfection, 0.22 mm-filtered (Sarstedt) and adjusted to 20 mM Na-HEPES pH 7.8, 150 mM NaCl and 5-20 mM imidazole (immobilized metal affinity chromatography (IMAC) binding buffer). 10 mL Ni-NTA agarose (QIAGEN) or Ni Sepharose excel (GE Healthcare) slurry were added per liter of medium and incubated either for 1 hr at room temperature or overnight at 4 C. After collecting IMAC beads into a column and washing them with binding buffer, protein was batch-eluted with IMAC elution buffer (20 mM Na-HEPES pH 7.8, 150 mM NaCl, 500 mM imidazole). HEK293S cell-expressed mMBP-VR3, mMBP-VR3/lysin, VR3/lysin and VR2+/lysin were deglycosylated with Endo H (1:10 mass ratio) for 1 hr at 37 C in 120 mM Na/K phosphate pH 6.0, prior to elution. Proteins were then concentrated using centrifugal filtration devices (Amicon) with appropriate molecular weight cut-offs and further purified by SEC at 4 C, using an Ä KTAFPLC chromatography system (GE Healthcare). A HiLoad 26/600 Superdex 200 pg column (GE Healthcare) and a 20 mM Na-HEPES pH 7.8, 150 mM NaCl running buffer were used for unfused VERL proteins and the VR3/lysin complex; for mMBP-fused material, the buffer was supplemented with 10 mM D-maltose. A HiLoad 26/60 Superdex 75 pg column (GE Healthcare) and a 10 mM Tris-HCl, 50 mM NaCl buffer was used for ZP2 ZP-N1. Fractions containing protein peaks were pooled, concentrated and used for crystallization trials.
To obtain crystals of the VR2+/lysin complex, it was essential to supplement SEC-purified material with lysin R , obtained as described below. After dialysis against 10 mM MES pH 6.0, 250 mM NaCl, the sample was applied to a 5 mL HiTrap CM Sepharose FF ion-exchange chromatography (IEX) column (GE Healthcare) equilibrated with the same buffer. Pure complex was eluted with a salt gradient to 1.5 M NaCl, dialyzed against 20 mM Na-HEPES pH 8.0, 200 mM NaCl and finally concentrated for crystallization.
Lysin R was purified as previously described (Lyon and Vacquier, 1999) , with modifications. Pelleted cells from 1 L E. coli culture were resuspended in 40 mL lysis buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA) containing 60 ku rLysozyme (Merck Millipore), 750 u Benzonase nuclease (Sigma-Aldrich) and 1 tablet cOmplete EDTA-free protease inhibitor cocktail (Roche), incubated for 30 min at room temperature and disrupted by sonication on ice (6 bursts of 10 s, with 10 s cooling in between). Inclusion bodies were collected by 12,000 g centrifugation for 20 min at 4 C, dissolved in 100 mL 5 M guanidine-HCl for 2-3 hr at 37 C on a magnetic stirrer and clarified by 12,000 g centrifugation for 15 min at 4 C. The supernatant was dialyzed for 12 hr at 4 C against 4 L carboxymethyl (CM) buffer (250 mM NaCl, 2 mM EDTA, 10 mM MES pH 6.0) using 10 kDa cut-off SnakeSkin dialysis tubing (Thermo Fisher Scientific). After 4 dialysis buffer changes at 12 hr intervals, the solution was clarified by 12,000 g centrifugation for 30 min at 4 C and subjected to IEX, using a 5 mL HiTrap CM Sepharose FF column (GE Healthcare) and a linear gradient of 0.25 to 1.25 M NaCl in CM buffer. Concentrated peak fractions were further purified by SEC at 4 C, using a HiLoad 26/60 Superdex 75 pg column (GE Healthcare) and a seawater-like solution (468 mM NaCl, 10 mM KCl, 10 mM CaCl 2 , 28 mM MgSO 4 , 25 mM MgCl 2 , 20 mM Na-HEPES pH 7.8) as running buffer.
Protein Analysis
Samples separated on SDS-PAGE gels were detected with SimplyBlue SafeStain (Thermo Fisher Scientific) or transferred to nitrocellulose membranes (GE Healthcare) for immunoblotting with either Penta$His mouse monoclonal antibody (1:1,000; QIAGEN) or anti-lysin rabbit polyclonal antibody (1:10,000) (Vacquier et al., 1990) . Secondary antibodies were horseradish peroxidase-conjugated goat anti-mouse IgG (1:10,000) or goat anti-rabbit IgG (1:5,000) (Jackson ImmunoResearch Laboratories). Chemiluminescence detection was performed with Western Lightning ECL Plus (Perkin Elmer). Unless otherwise specified, samples were analyzed in reducing conditions. N-terminal sequencing (Cambridge Peptides) showed that the two isoforms of HEK293-produced VR3 ( Figure 2C , lane 2) begin with the sequences ETGAA and AADWD, originating from alternative cleavage of the Crypa signal peptide (with the underlined sequence corresponding to VERL residues D340-D342).
Protein Crystallization
Crystallization trials by hanging or sitting drop vapor diffusion were set up at room temperature using a mosquito crystallization robot (TTP Labtech). Crystals were harvested using MicroMounts, MicroLoops or MicroMeshes (MiTeGen). mMBP-VR1+ (16.8 mg/mL) and mMBP-VR1 (12.8 mg/mL) crystallized in 40% (v/v) PEG 600, 0.1 M CHES pH 9.5, whereas mMBP-VR3 (18.5 mg/mL) formed crystals in 20% (w/v) PEG 4000, 20% (v/v) isopropanol, 0.1 M trisodium citrate pH 5.5. For data collection, crystals were cryoprotected using mother liquor supplemented with 20% (v/v) glycerol (mMBP-VR1+, mMBP-VR1) or fished directly from the drops in which they grew (mMBP-VR3) and flash frozen in liquid nitrogen.
The ZP2 ZP-N1 crystal that yielded that data used for experimental phasing by S-SAD was grown in 14% (w/v) PEG 6000, 0.1 M MES pH 5.5, using a protein concentration of 14.6 mg/mL. The crystal was cryoprotected by stepwise addition of PEG 200 to a final concentration of 20% (v/v) in mother liquor solution, followed by 3 min soaks in equivalent solutions supplemented with 0.05 M 5-amino-2,4,6-triiodoisophthalic acid (I3C; Jena Bioscience), 0.16 M I3C and 0.27 M I3C. Atomic resolution data was obtained from a crystal grown with 2.5 mg/mL ZP2 ZP-N1 in 30% (v/v) PEG 200, 5% (w/v) PEG 3000, 0.1 M MES pH 6.0, which was cryoprotected for 1 min using a mother liquor solution containing 40% (v/v) PEG 200.
Purified lysin R , dialyzed against sodium acetate pH 5.5, was concentrated to 10 mg/mL and crystallized in 0.65 M ammonium sulfate, 0.2 M NaCl, 0.1 M CHES pH 9.5 (orthorhombic crystal form) or 5% (w/v) PEG 4000, 0.2 M sodium acetate, 0.1 M sodium citrate pH 5.5 (monoclinic crystal form). For in-house S-SAD data collection, an orthorhombic crystal was dehydrated by stepwise transfer to a mother liquor solution containing 4.0 M ammonium sulfate, 10% (v/v) glycerol and finally transferred to a gaseous nitrogen stream. To collect atomic resolution data from the same crystal form, an HC1 dehydration device (Sanchez-Weatherby et al., 2009 ) was used to progressively decrease the relative humidity of a specimen in mother liquor supplemented with 5% (v/v) glycerol. Upon reaching a 36% change in relative humidity over a total time of 18 min, the crystal was flash frozen in liquid nitrogen by retrieval into the beamline sample changer. Monoclinic crystals were cryoprotected using a mother liquor solution supplemented with 20% (v/v) glycerol.
Extensive crystallization trials of mMBP-VR3/lysin (23 mg/mL) did not produce any crystals. However, triclinic complex crystals were readily obtained in 20% (w/v) PEG 3350, 0.2 M diammonium citrate pH 5.0 after setting up drops with mMBP-VR3/lysin premixed with porcine elastase (1:1000 molar ratio; Sigma-Aldrich). Trigonal crystals of unfused VR3/lysin (10 mg/mL) appeared in 1.6 M ammonium sulfate, 0.1 M citric acid pH 5.0. Triclinic and trigonal complex crystals were cryoprotected for data collection using mother liquor solutions supplemented with 20% (v/v) glycerol and 20% (v/v) saturated sucrose, respectively.
Crystals of free VR2+ were obtained in drops set up with VR2+/lysin complex material not supplemented with lysin R (10 mg/mL) and 0.2 M ammonium formate pH 6.6, 20% (w/v) PEG 3350. These crystals were cryoprotected using mother liquor solution containing 15% (v/v) ethylene glycol. VR2+/lysin complex crystals were obtained in 0.1 M Tris-HCl pH 8.5, 5% (w/v) PEG 8000, 20% (v/v) PEG 300, 10% (v/v) glycerol using lysin R -supplemented material (10 mg/mL). Specimens were directly harvested for cryocooling and data collection.
X-Ray Diffraction Data Collection
All datasets were collected from single crystals at 100 K.
Lysin S-SAD data was collected in house with a Compact HomeLab system (Rigaku) equipped with a PILATUS 200K detector (DECTRIS). Data for the trigonal crystal form of VR3/lysin was collected at beamline ID23-1 of the European Synchrotron Radiation Facility (ESRF, Grenoble) (Nurizzo et al., 2006) , equipped with a PILATUS 6M-F detector (DECTRIS); data for VR2+ was collected at ESRF beamline ID23-2 using a PILATUS 2M detector (DECTRIS); all other datasets were collected at ESRF beamline ID29 (de Sanctis et al., 2012) , equipped with a PILATUS 6M-F detector.
Data collection statistics are reported in Tables S1-S4.
Data Processing and Structure Determination X-ray diffraction data was processed using XDS (Kabsch, 2010) (mMBP-VR1+; mMBP-VR1; mMBP-VR3; orthorhombic lysin (high resolution); VR3/lysin complexes; VR2+ and VR2+/lysin complex), DIALS (Gildea et al., 2014) and aimless (Evans and Murshudov, 2013 ) (ZP2 ZP-N1), HKL-3000R (Minor et al., 2006) (orthorhombic lysin (S-SAD)) or xia2 (Winter, 2010) (monoclinic lysin). The structures of mMBP-VR1+ and mMBP-VR3 were determined by MR with Phaser (McCoy et al., 2007) , using as search model an ensemble of MBP structures extracted from PDB: 3SET, 3SEX, and 4WRN. Structures were autotraced with PHENIX AutoBuild (Terwilliger et al., 2008) , manually rebuilt with Coot (Emsley et al., 2010) and refined with phenix.refine (Afonine et al., 2012) . Protein geometry was validated with MolProbity , carbohydrate structure validation was carried out using Privateer (Agirre et al., 2015) . The structure of mMBP-VR1 was phased using an intermediate, rigid body-refined model of mMBP-VR1+. Rebuilding, refinement and validation were performed as above.
For experimental phasing of ZP2 ZP-N1 by S-SAD, anomalous differences in four 360-degree datasets collected at different positions of a single crystal at 7 keV (1.7712 Å ) were evaluated with SHELXC followed by SHELXD (Sheldrick, 2008) . This located 6 sulfur atoms (corresponding to 4 Cys, forming 2 disulfide bridges, and 2 Met). Despite of soaking in I3C, no iodine atom was identified. Phases were calculated and refined with SHARP (Bricogne et al., 2003) (phasing power 0.921, overall figure of merit 0.28), and improved with SOLOMON (Abrahams and Leslie, 1996) , using an optimized solvent content of 45.2%. An initial model was built with ARP/wARP (Langer et al., 2008 ) that placed and docked in sequence 85 residues, which were then rigid body-refined against the atomic resolution dataset. Rebuilding, refinement and validation were performed as above.
S-SAD phasing of the structure of orthorhombic lysin was carried out with PHENIX AutoSol (Terwilliger et al., 2009) , which located 15 sites (corresponding to 6 of the 7 Met of the protein, the sulfur atom of an ordered MES buffer molecule and sulfate ions) and built 127 out of 136 residues (Bayesian correlation coefficient 0.307, overall figure of merit 0.306, model correlation coefficient 0.81). The resulting refined model of lysin was rigid body-refined against the high resolution synchrotron data of the same crystal form, as well as used to solve the monoclinic structure of lysin by MR with Phaser. Rebuilding, refinement and validation were performed as above.
The triclinic structure of the VR3/lysin complex was solved by MR with Phaser, using the refined structures of VR3 and orthorhombic lysin as search models. A partially refined structure of the complex was then used to solve the trigonal crystal form of VR3/lysin by MR. Both structures were rebuilt, refined and validated as described above. independent MST measurements were carried out at 495 nm. Datasets were processed with the MO.Affinity Analysis software (NanoTemper Technologies GmbH), using the signal from the initial fluorescence.
QUANTIFICATION AND STATISTICAL ANALYSIS X-Ray Crystallography High resolution data cutoff was chosen based on statistical indicators CC 1/2 and CC* (Evans and Murshudov, 2013; Karplus and Diederichs, 2015) .
Microscale Thermophoresis
Error bars in Figures 2E, 6G , and S3B represent the standard deviation for three independent experiments.
DATA AND SOFTWARE AVAILABILITY
Data Resources
Structure factors and atomic coordinates have been deposited in the Protein Data Bank under accession numbers PDB: 5II4 (mMBP-VR1+), PDB: 5II5 (mMBP-VR1), PDB: 5II6 (ZP2 ZP-N1), PDB: 5II7 (orthorhombic lysin R , S-SAD), PDB: 5II8 (orthorhombic lysin R , high resolution), PDB: 5II9 (monoclinic lysin R ), PDB: 5IIC (mMBP-VR3), PDB: 5IIA (triclinic VR3/lysin complex), PDB: 5IIB (trigonal VR3/lysin complex), PDB: 5MR2 (VR2+), and PDB: 5MR3 (VR2+/lysin complex). (F and G) MST analysis of the interaction of lysin R with different VERL repeats. MST time traces obtained by titrating 10 nM labeled lysin with increasing concentrations of VR1+ up to 0.1 mM (F) and VR3 up to 2 mM (G). Traces corresponding to bound and unbound states are colored red and black, respectively, whereas traces corresponding to partially bound intermediates are shown in gray. VR3 binds to lysin with high affinity, but no binding is detected to VR1+. -3) , as well as of the same constructs co-expressed with lysin (lanes 4-6). mMBP-VR3 and unfused VR3 bind lysin comparably. mMBP was used as negative control. (B) MST determination of mMBP-VR3/lysin R Kd shows that unfused and mMBP-fused VR3 bind to lysin R with similar affinity (compare with Figure 2E ). Results are shown as mean ± SD. (C) Microcrystals of mMBP-VR3 on the mesh used for diffraction data collection. (D) VR3 (dark pink) and VR1 (salmon) can be superimposed over 81 residues with a Ca RMSD of 0.9 Å . Conserved ZP-N disulfide bonds are shown as yellow sticks; disordered loops are represented by dashed lines. (E) The asymmetric unit of the mMBP-VR3 crystal contains an antiparallel VR3 homodimer held together by interactions involving the b sheets E of opposite chains. The resulting interface is scored as highly significant by PISA (Krissinel and Henrick, 2007) and buries an average accessible surface area of 646 Å 2 . The overall arrangement of the two mMBP-VR3 chains is depicted in the left panel, and details of the 1 s 2mFo-DFc electron density map of the interface region are shown in the right panel. Dashed lines indicate intermolecular hydrogen bonds. Figure S6 . Glycans and Positively Selected Residues Do Not Influence VR3/Lysin Complex Formation, Related to Figure 3 
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